Using in-situ Raman scattering from phosphorene channel in an electrochemically topgated field effect transistor, we show that its phonons with A g symmetry depend much more strongly on concentration of electrons than that of holes, while the phonons with B g symmetry are insensitive to doping. With first-principles theoretical analysis, we show that the observed electon-hole asymmetry arises from the radically different constitution of its conduction and valence bands involving π and σ bonding states respectively, whose symmetry permits coupling with only the phonons that preserve the lattice symmetry. Thus, Raman spectroscopy is * To whom correspondence should be addressed † Department of Physics, Indian Institute of Science, Bangalore 560012, India ‡ Theoretical Sciences Unit, Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore-560064, India ¶ Contributed equally to this work 1 arXiv:1603.02941v1 [cond-mat.mes-hall] 9 Mar 2016 a non-invasive tool for measuring electron concentration in phosphorene-based nanoelectronic devices.
Introduction
A few layer Black Phosphorus (BP) is a relatively new member of the family of 2D nanosystems with unique properties. Unlike gapless graphene, black phosphorus is a direct band gap material with gap ranging from 0.3 eV in bulk to 2 eV in monolayer, [1] [2] [3] [4] [5] [6] [7] covering a wide range of electromagnetic spectrum. This is again distinctive from transition metal dichalcogenides (TMD) which exhibit a direct band gap of ∼ 1 to 2 eV only in their monolayer form. The narrow band gap of BP (in few layer form) bridges the gap between the zero gap graphene and large band gap TMDs, thus making BP a suitable candidate for near and mid infrared optics. 8 For possible applications in electronic devices, black phosphorus offers a good possibility with mobilitiy of ∼ 1000 cm 2 /V-sec at room temperature and On-Off ratio of ∼ 10 5 with excellent current saturation characteristics. 9 Phosphorene (as monolayer BP is referred to) lattice structure is a 2-D puckered network (Figure 1a) formed by phosphorus atoms with each atom covalently bonded to three neighbouring atoms. An unique feature of black phosphorus is its in-plane anisotropy. The puckered orthorhombic crystal structure of BP gives rise to asymmetric electronic and phonon dispersion relations: electronic bands are more dispersive along the armchair direction than along the zigzag direction, whereas the phonon dispersion is more dispersive along the zigzag direction. 2, 10, 11 Along the armchair direction, carriers are more mobile, as the effective mass along the zigzag direction is about 10 times larger than that of along the armchair direction. 12, 13 Similarly, the Hall mobility along the armchair direction is 1.8 times the mobility along the zigzag direction . 4 Single and few layers BP absorb light (ranging from infrared to part of the visible spectrum) polarized along the armchair axis, whereas they are transparent for polarization along the zigzag direction. 2 Recent photoluminescence measurements on the monolayer show the existence of anisotropic excitons emitting light, polarized along the armchair direction, with a relatively higher exciton binding energy of around 0.7-0.8 eV and a quasi particle gap of 2.2 eV. 5, 6, 14, 15 For 2-D systems like graphene, electron-phonon coupling (EPC) plays a dominant role in the resistivity behaviour at high carrier densities. 16 For almost a decade, since the emergence of graphene, 17, 18 Raman spectroscopy has scored over other techniques as an indispensable analytical tool for estimation of the number of layers in 2D materials like graphene and TMDs, [19] [20] [21] [22] [23] to characterize EPC in 2-D graphene [24] [25] [26] and evaluating thermal conductivity of graphene layers [27] [28] [29] among various other properties. In-situ Raman scattering from monolayer MoS 2 transistor have revealed the effect of doping on the EPC strength. 30 For BP too, Raman spectroscopy has shown its potential as a successful and noninvasive technique to determine the crystal orientation of black phosphorus flakes. 4, 5, 31, 32 Recently Luo et.
al. 33 have reported anisotropic thermal conductivity using Raman spectroscopy: the thermal conductivity along the zigzag orientation exceeding that along the armchair direction by a factor of 2. The degradation of BP flakes due to environmental aspects have been probed by Raman spectroscopy. 34 With four atoms in the unit cell, out of nine optical modes, phosphorene has six Raman active modes, out of which three prominent modes with irreducible representations A 1 g , A 2 g and B 2g are observed in back scattering geometry. The eigen-vectors of these modes reveal that ( Figure   1c ) 
Experimental Results and Discussions
Black phosphorus flakes were exfoliated from its single crystal (M/s Smart Elements), and transferred on to a 300 nm SiO 2 grown thermally on a heavily doped Si (M/s Nova Electronic Materials).
Immediately after exfoliation, the substrate was coated with a bilayer resist consisting of PMMA 450K/PMMA 950K to avoid degradation of black phosphorus flakes. 34 After careful observation under a microscope, flakes were selected and photoluminescence (PL) measurement were done to confirm the layer thickness. Figure this polymer electrolyte enables doping with higher carrier concentration (almost by an order of magnitude) as compared to 300 nm oxide gating. 26 Confocal Raman and PL measurements using 532 nm excitation laser are carried out at room temperature using Labram HR-800 coupled with a Peltier cooled CCD and a spectrometer with 1800 lines/mm grating. Spectra are recorded using a long working distance 50X objective with numerical aperture 0.45. Spectra shown in Figure 2 were acquired for 10 seconds using a laser power of ∼ 300 µW. Electrical measurements are done using Keithley 2400 source meters. Figure 1b shows the schematic of the experimental set up and the inset shows the device. The device transfer characteristic is shown in Figure 1e displaying an on-off ratio of ∼ 10 5 and a field effect mobility ∼ 100 cm 2 /V-sec and ∼ 35 cm 2 /V-sec for holes and electrons respectively. Similar asymmetric transfer characteristic curves were reported for the BP field effect transistors. 9, [37] [38] [39] In order to convert the applied gate voltage to carrier concentration n, we have used the standard MOSFET expression n = C G (V G -V T ), where C G , V G and V T are top gate capacitance, applied top gate voltage and threshold voltage respectively, and C G is taken to be 1.5µF/cm 2 . 40 It may be noted that the threshold voltage could be different for an isolated monolayer device and can introduce some errors in estimating n. However, the qualitative picture and the interpretation of the results would remain unaffected. Figure 2 ) to the spectra. The changes in phonon energy ∆ω Figure 3a , b and c. It can be seen that phonon softening is observed only for the A 1 g and A 2 g modes for electron doping (Figure 3 a, b) . Hole doping has no effect on the phonon frequencies. As can be seen in Figure 3c , the B 2g mode is not affected by either electron or hole doping. 
Theoretical Calculations
Our first-principles calculations are based on density functional theory as implemented in Quantum ESPRESSO package, 41 and norm-conserving pseudopotentials 42, 43 to model the interaction between valence electrons and ionic cores. The exchange-correlation energy functional is treated within a Local Density Approximation (LDA) with a parametrized form of Perdew and Zunger. 44 We The electron-phonon coupling (EPC) of a phonon mode ν at wavevector q (frequeccy ω) is 30, 45 λ qν = 2
where N(ε F ) is the density of states at Fermi energy. The electron-phonon coupling matrix element is g qν,i j
where ψ k, j is electronic wavefunction of j th band at wavevector k, M is the effective mass associated with the phonon, and V qν = ∂V ∂ u ν (q) is the change in the self-consistent potential associated with atomic displacements of phonon qν. We do find an asymmetry in the EPC with hole and electron doping:
EPC increases with increasing concentration of electron doping while it decreases with increasing hole concentration. This asymmetry follows from the symmetry of the electronic wavefunctions at the VBM and CBM at Γ point. At the VBM, wavefunction is even under mirror reflection, while it is odd at the CBM. As a result, the magnitude as well as the sign of the coupling matrix (Eq.2) can be different for electron and hole doping. It is evident in Figure 3g -h and 3j-k that A 1 g mode is affected more strongly by electron doping than the hole doping. In contrast, A 2 g mode is affected by both electron as well as by hole doping, though the effect is stronger for electrons. To understand this, we obtained the energies of VBM and CBM at Γ point as a function of structural distortions obtained by freezing the eigenvectors of these modes. It is evident ( Figure 5 ) that the CBM varies more strongly than the VBM with A 1 g mode, whereas freezing of A 2 g mode (Figure5) affects both VBM and CBM significantly, though its effect on the CBM is slightly stronger than that on the VBM. Therefore, the difference in the dependence of A 1 g and A 2 g modes on electron and hole doping originates from the matrix element ψ k,i |∆V qν |ψ k, j . The non-monotonous evolution of CBM as a function of distortion for A 1 g mode is further explained in the supplementary material.
We note that low levels of doping results in changes in the population of only the states that have energies close to the VBM and CBM at Γ point. Thus, the states lining the band-gap along Γ-X direction are more relevant to our experiments than the ones along Γ-Z (energies of the states at Z-point are too far (Fig. 4a) from the gap to be affected by low levels of doping in phosphorene transistor). In Fig. S5a , we have shown iso-surfaces of wavefunctions of the valence and conduction bands at X-point and a diagram of their projections on p-orbitals of P. We note that the bands at X point are doubly degenerate, and are made from p x and p y orbitals of P, in contrast to the VBM and CBM at Γ point made from p y orbitals. From the Fig. S5b , it is clear that the relative phases of p orbitals of the P sublattices are the same for wave functions at X and Γ (Fig. 4c) points. Hence, our symmetry analysis of the coupling of Raman active phonons to the states along Γ to X is similar. Since the orbitals involved in the VBM and CBM bands at X point are different from those at Γ point, their relative phase factors are not simple. In fact, they involve rotations in the 3-dimensional space of bands made of two p-orbitals. Thus, their relative phases can be meaningfully described with a Hermitian matrix that is responsible for the complex Raman tensor relevant to the polarization dependent Raman scattering. 32 To connect more closely with the results of reference 32, we determined optical dielectric constants of structures obtained by freezing 
